Abstract. Multiscale structure of eld-aligned currents and plasma density records are analyzed with multiresolution wavelet technique. We show that eld-aligned currents measured by F reja in the auroral region have a spectrum of scales from 500 km down to the electron inertial length e = c=! pe which i s t ypicaly hundrets m. The intensity of currents increases inversely proportional to the spatial scale and reaches 300 Am ,2 at the smallest scales. At kilometer scales, the current is carried mainly by thermal electrons with energetic electron contributions less than 20. At large scales, the plasma density v ariations are not correlated with the magnetic eld variations but with the amplitude of AC v ariations. Small scale currents are intimately related to small scale cavities and inertial Alfv en waves. We discuss also vector polarization of the magnetic perturbations at various scales which may be used as a tool for resolving some ambiguities in the spatial versus temporal interpretation of the observed variations.
Introduction
Field-aligned currents play a decisive role in the ionosphere-magnetosphere coupling and have been intensively studied since their experimental discovery in satellite measurements Zmuda et al., 1966 . The pattern of large-scale currents of region I and II Iijima and Potemra, 1976 is often complicated by a large number of smaller scales currents e.g Sugiura e t a l . , 1984 MORE REFERENCES. The spectrum of small scale currents extends down to the thickness of 100 m which corresponds to the electron inertial length in the ionosphere. The origin of small scale currents and the distinction between temporal and spatial variations in satellite data remain still outstanding questions in auroral physics. This problem is intimately related to the origin of optical auroral structures which accompany upward currents and exhibit similar scale range, with the thickness 100 m for thin discrete arcs Borovsky, 1993 .
In this paper we make an analysis of the multiscale properties of eld-aligned currents using multiresolution wavelet analysis Mallat, 1989; Daubechies et al., 1991 . With this technique one can study magnetic eld gradients and related to them currents at arbitrary scale. The phase information included in wavelet decomposition makes it possible to identify spatial structures in the satellite data records. This paper covers macro-scopic current structures down to a few km scale. Thin solitary structures are discussed in the companion paper Stasiewicz and al., into an elliptic orbit 600 1700 km with inclination of 63 . The mission objectives and description of all instruments can be found in a special issue of Space Science R eviews 70, 1994 . In this paper we shall use data from a few passes over the northern auroral oval in di erent local time sectors. Figure 1 shows the footprints of the satelite projected to an altitude of 100 km in geomagnetic coordinates: magnetic local time and corrected magnetic latitude, during the analyzed time intervals. In all cases the satellite moves Fig. 1 obliquely to the oval because of the low inclination of the orbit. The satellite was spin-stabilized with the rotation period of 6 s, and the spin axis Oz 0 pointing roughly 30 t o w ard the sun. The perturbation magnetic eld records are presented in the despun satellite coordinate system x; y; z, where the Ox axis is along the main magnetic eld, the Oz axis is perpendicular to the magnetic eld in the plane containing the spin axis. The Oy axis completes the right hand system and may, depending on the local time of the orbit, point opposite to, or in the direction of the satellite velocity.
Post-noon sector orbit 2396
Figure 2 shows overview data for orbit 2396 taken in the post-noon sector of the auroral oval. This location Fig.2 would presumably map to the dusk side low-latitude boundary layer in the magnetosphere. Figure 2a shows two components of the residual magnetic eld b y ; b z , observed on Freja. The magnetic eld F2 experiment on Freja Zanetti et al., 1994 samples three-component magnetic eld vector at the rate of 256128 s ,1 , which is su ciently high to study dc structures and waves at frequencies up to, and exceeding the oxygen cyclotron frequency of 30 Hz. Both stationary currents and shear Alfv en waves could cause the observed perpendicular perturbations of the magnetic eld. The magnetic eld in Figure 2a and the density record in Figure 2b represent examples of multiscale structures which are observed in virtually every auroral pass. The lowest panel 2c shows the magnetic eld component b z , ltered by a highpas lter with a cuto frequency of 0.3 Hz. One can see that strong gradient current structures seen in Figure 2a produce high frequency uctuations seen in Figure 2c . The ltered signal, referred commonly to as ac" magnetic noise could be regarded as an artifact of nonlinear magnetic structures in Figure  2a . The time-frequency spectrogram of the data in Figure 2a would show broadband magnetic turbulence" at the locations of strong gradient structures. The plasma density shown in Figure 2b is derived from the thermal current collected by a Langmuir probe experiment Holback et al., 1994 . Deep plasma cavities are observed at di erent spatial scales. The deepest cavities are seen at the locations of strong magnetic eld gradients Fig.  2a , or, equivalently, at the increased ac activity in Fig.  2c .
The wavelet transform provides a powerful tool for analysing structured timeseries data with discontinuities. Using orthogonal wavelet transform Mallat, 1989; Daubechies et al., The small scale structures seen in the highest dyads in Figure 3a correspond to thin auroral arcs discussed in the companion paper Stasiewicz and al., 996d . The locations of discrete structures in Figure 3a correspond to the phase changes of the b y ; b z components which are seen rst in dyads 4-6. The phase irregularities indicate spatial structures which could be be produced by i n terference of two w a v es. Comparing the decomposed wave structures with the density record in Figure  2b one can see that waves with di erent perpendicular wavelengths are trapped in corresponding cavities, consistent with the concept of the k ? ,cavity resonators Stasiewicz et al., 996b To study further the signi cance of the phase changes we shall analyze the polarization angle of the perturbations, expressed as atanb z =b y . The results of the analysis are shown in Figure 4ab for spatial structures down to 52 km. The vertical scale for each d y ad is from Fig.4 ,wrong label -180 to 180 degrees. Figure 4a shows the angle computed for single dyads as shown in Figure 3 . Figure 4b shows the same angle computed with lowpass cumulative" decomposition of the signal. This means that the b y ; b z components used to compute the angle at scale j, contain also coarse scale components. It may be seen that in case b large scale components dominate the patterns, and only very strong smaller scale structures could brake through at some locations. To i n terpret these patterns we should note that a linearly polarized Alfv en wave or an elongated current sheet would produce a constant polarization angle at the value determined by the maximum amplitude of the components.
At the b y zero crossing there will be discontinous switch from a positive to negative polarization angle 180 . Such a linear polarization can be seen in two l o w est dyads for scales larger than 800 km. The smaller scale structures exhibit more complicated polarization pattern with rising and descending angles. Monotonically increasing decreasing angles correspond to the righthand left-hand circular polarization when looking in the direction of the main magnetic eld. The right-hand and left-hand polarizations correspond to the electron and ion rotation sense, respectively. Elliptical polarization is manifested by appearence of two steps in the rising or decreasing angle. In the limit of linear polarization these steps expand and the rising decreasing parts become discontinous jumps. A linearly polarized wave can be distinguished from a linear current b y regular polarization patterns. The polarization records indicate that we observe current sheets and vortices with di erent scales and rotation senses. Rapid polarization changes but not those of 180 indicate spatial current structures.
Pre-noon region orbit 6889
Orbit 6889 shown in Figure 5 exhibit clearly magnetic eld variations related to large scale currents. The periodic structures in the density h a v e a period of 20 s, or spatial extent of 130 km. As usual for single satellite data, it is not clear whether these variations are spatial or temporal. However, a period of 20 s could correspond to the bouncing time of Alfv en waves, consitent with the magnetic shell parameter, L 10 at this location. However, lack of similar periodicity structures in the magnetic eld records suggests that these 100 km structures are produced by nonlocaly modulated agents. Such possible agents could be energetic particles modulated in the distant magnetosphere, or waves in the neutral atmosphere. We should add that these variations are not related to the well known spin e ects on the Langmuir probe current. The spin period related 6s instrumental perturbations in the density records have been removed from the data with wavelet decomposition.
Similarly to the previous case, the deep plasma cavity after 1344 UT is related to small scale AC current structures and not to the macroscopic eld-aligned currents. Using the magnetic eld records shown in Figure Fig where b ?v is the perpendicular perturbation eld transverse to the satellite velocity. Multiresolution wavelet decomposition makes it possible to compute magnetic eld gradients at arbitrary spatial resolution. In Figure 6 we show the currents computed with increasingly higher spatial resolution. It can be seen that the mag- Fig. 6 nitude of eld-aligned currents increases inversly proportional to the spatial scale. Currents at spatial scales larger than 100 km reach i n tensity o f 7 Am ,2 , whereas currents at spatial scales down to 10 km have a maximum of 27 Am ,2 in this particular orbit. Finally, currents computed at the kilometer scale reach i n tensity o f 300 Am ,2 . Figure 7 shows the polarization angle atanb z =b y for the case of Figure 6 . The strong current region at 1344 Fig. 7 UT appears to be related to the change of the rotation of the vortex structure which is rst seen at the 200 km scale. It is interesting to note that the circularly polarized waves seen in dyad 7 after 1346 UT are related to the spin residuum which can be also seen in the original data Fig. 5a and also in the current decomposition Fig. 6b . This observation suggest that we can distinguish between spatial gradients and temporal !t variations by looking at the polarization phase. Spatial gradients currents are always associated with phase irregularities.
Post-midnight region orbit 7199
This region is represented by Figure 8 . One can see structuring of the magnetic eld and the density records, but without clear signatures of large scale currents. The currents computed for scales 6-3000 km Fig. 8 are shown in Figure 9 . It could be noticed that the Fig. 9 strongest currents and ac activity at 0032-33 UT is located in the plateau of the density curve shown in Figure 8b . This observation could be important for the discussion of the mechanism leading to the establishement of discrete solitary structures at some locations. In the model of eld-line resonances, short wavelength kinetic Alfv en waves are supposed to be excited at the Alfv en layer, ! = k k V A y b y long waves propagating obliquely between the magnetosphere and ionosphere Hasegawa, 1976; Samson et al., 1991; Wei et al., 1994; Streltsov and Lotko, 1995 . Here, V A = B 0 ,1=2 is the Alfv en speed dependent also on the transverse coordinate y, and k k is the parallel wavenumber. In none of the analysed cases we nd discrete structures generated on macroscopic density gradients which is expected for the eld line resonance model. We should also mention here, that Bellan, 1994 has argued that the concept of Alfv en resonance was a result of an erroneous assumption of MHD models that the parallel electric eld is equal to zero, and that the resonance is nonexistent i n realistic plasmas.
Pre-midnight region orbit 7294
This region is represented here by data from orbit 7294 which has been partly analyzed by Stasiewicz et al., 996b . Figure 10 shows the perturbation magnetic eld for 0451-59 UT. Multiscale decomposition of Fig. 10 eld-aligned currents is shown in Figure 11 . As for the case of Figure 6 we see that the current i n tensity increases from 5 Am ,2 at spatial scales 400 km Fig. 11 to 150 Am ,2 for kilometer structures. One can ask the question whether the currents computed with equation 1 at higher frequencies are real currents and not, for example, partial time derivatives of electromagnetic ion cyclotron waves. To answer this question let us look at at the details of the structures observed at 0455.00-30 UT, shown in Figure 12 . The second panel Fig.12 shows eld-aligned currents computed for structures 1 100 km. The third panel shows currents carried by the electron in the energy range 20 eV 25 keV measured by the top-hat electrostatic spectrometer Boehm et al., 1994 . The electron uxes are integrated over downward and upward hemispheres, respectively. One can see similar structuring and good collocation of the magnetometer currents and the hot electron currents. The electron distributions are measured at the rate of 16 s ,1 which is slower than the sampling rate of the magnetic eld and makes the particle currents less structured than the magnetometer currents. The intensity of magnetometer currents is generally larger than of particle currents which m a y indicate that thermal electrons below 2 0 e V are the main current carriers. A notable exception is the structure at 0455:21 UT where the particle current almost exactly matches the magnetometer current.
To study the scale dependence of the intensity of eldaligned currents we show in Figure 13 the wavelet de- Fig 13  composition of the magnetic gradients seen be the satellite in case of Figure 12a . There is common scaling in all dyads with the maximum current i n tensity o f 1 2 1 Am ,2 seen at scale of 1.6 km. Signi cant currents are observed in the scale range 0.2 10 km with rapid reduction of current i n tensity for structures smaller than 200 m.
Discussion and conclusions
The analysis of current and plasma structures observed in a few orbits of Freja show that the structures have a wide spectrum of scales from large scale currents of region I and II to tiny subkilometer currents. We h a v e demonstrated also that multiresolution wavelet analysis provides a convenient tool for the analysis of eld gradients at di erent resolution levels.
The intensity of currents varies from a few Am ,2 for large scale currents d 100 km to a few hundred Am ,2 at subkilometer scales.
A distinction between spatial gradients and explicit time wave-like !t variations could be made by analyzing the polarization phase of perpendicular magnetic perturbations. Spatial currents are associated with rapid polarization changes.
On large and medium spatial scales, 100 km the electromagnetic structures are not correlated with plasma density structures. We do not observe correlation between the localization of discrete structures and the location of macroscopic density gradients, as predicted by eld-line resonance model of auroral arcs. We observe localization of discrete auroral structures at medium scale density c a vities as suggested by k ? cavity resonator model. The plasma cavitation process appears to be related to AC magnetic activity or to small scale currents driven by Alfv en waves.
